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We report on measurements of the ultrasonic attenuation in GaAs: Mn at
frequencies between 400 and 2000 MHz and at temperatures between 1 and
35 K. The results indicate that there is a level 3 meV above the acceptor
ground state.
PHONONS are effectively scattered by bound electrons symmetry of the Mn site,16 as well as two big broad
and holes in cubic semiconductors as found by measure- lines withg 6.4 and 2.9 not reported in references 4
mentsof thermal conductivity, ultrasonic attenuation and 5.
and experiments with heat pulses and superconducting The ultrasonic attenuation was measured by the
tunnel junctions. However, not all the results are well pulse-echo method recording continuously with varying
understood by theory, especially in the case of ultrasonic temperature the height of several echos. The echo pat-
attenuation due to neutral acceptors. This may be due to tern was exponential up to I GHz. Coupling to the
the fact that the experimental conditions are not always electromagnetic energy was achieved by a broad band
well-defined, as was pointed out by Ishiguro:1 wave tunable low loss X/4 resonator.6
function overlap at high concentration of shallow accep- Figure 1 shows the temperature dependence of the
tors, unknown distribution of internal strains and elec- attenuation of [1111longitudinal sound waves in crystal
tric fields due to dislocations and impurities, uncon- I for several frequencies. The rise above 20 K is due to
trolled strains from transducers cemented to the sample, piezoelectric coupling to thermally excited carriers in
magnetic field effects in the case of magnetostrictive accordance with the measured conductivity. The attenu-
transducer films. ation below 20K is ascribed to the Mn acceptor. It is
So far, only shallow acceptors have been investi- proportional to w2/T below about 3 K and shows a peak
gated by ultrasonic experiments. We present here an ex- near 8 K. Subtracting the part ~ w2/T the height of the
tension of earlier measurements on a deeper acceptor, latter is cx w. The temperature dependence of the attenu-
namely GaAs : Mn.2 ation for crystal II is nearly identical apart from the
In view of the above-mentioned difficulties this sys- difference in the absolute value which corresponds to
tem has several advantages: solubility of Mn and the the difference in Mn content.
small extent of the acceptor wave function (Bohr radius To analyze the experimental curves we assume that
about 10 A) allow relatively high doping without wave the fourfold degenerate level is split into two doubly
function overlap; the piezoelectricity of GaAs can be degenerate Kramer’s levels due to random local fields.
used to generate and detect the ultrasound directly (presumably a splitting of the levels due to interaction of
without a transducer; charge state and site symmetry of Mn pairs can be discarded, since the measured attenu-
the Mn ion can be checked by EPR. ation is proportional to the Mn concentration.) Such a
The measurements were made with two Czochralsky- system can be treated in the same way as the two level
grown crystals (I and II) of different Mn concentrations model of glasses.7 There are two different processes
addedto the melt (1.8 and 3.8 x 1018 cm3) and differ- leading to a temperature dependent attenuation.
ent dislocation densities (5 x l0~and S x 10~cm2). The (1) Resonance interaction of the ultrasonic wave
content of other impurities was negligible as seen from with level splittings E = hw. Integrating over the line-
mass spectroscopic analysis. Luminescence measure- width of the levels and assuming that the distribution of
ments showed the lines typical for GaAs:Mn. The bind- E varies slowly in the frequency (i.e. energy) range
ing energy E~was deduced from Hall effect measure- measured one obtains7
ments as 99.8 meV for crystal II. From the data of N(E)h
2w
2
reference 3, such a value corresponds to a low content a = 4pv3k Dr
of compensating donors. In addition to the six HFS lines~ B
preliminary ESR showed for both crystals 15 equally where p is the density of the crystal, v the sound velo-
spaced small satellites, which might indicate a lowered city, Dr an appropriate deformation potential constant
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Fig. 1. Ultrasonic attenuation in crystal I for several fre- (i.e. high energy or small wavelength).
quencies as a function of temperature. (c) Relaxation due to an Orbach process via an ex-
cited level ~ ~ E above the relaxing levels
and N(E) the spectral density of resonant scatterers. We
interpret the low temperature rise of the attenuation as r1(T) cx 1/El + exp (L1/k~T)J— exp (— L~/kBT)
due to such a resonance interaction. To get a rough esti- for ~ ~‘ kT. The same temperature dependence is ob-
mate of the width of the distribution we assume N(E) to tamed for thermal activation over a barrier (Arrhenius
be constant up to a maximum value Em~and obtain equation).
Em~= 0.04meV (~-‘h x 10 GHz) taking D ~-‘ 0.05 eV.13
Varying the acoustic power in a wide range (10 nW/cm2 For a comparison with the measured attenuation
to 0.2 mW/cm2) we did not see any saturation effects.7 peak (w2/T subtracted) one should know N(E) which
(2) Relaxation of the electronic occupation of split may be rather complicated even when it is due to a
levels with E ~ ho.,. The attenuation a(T) = f a(E, 7) dE regular array of dislocations.10 However,
is given by the classical formula: C(E, T).kT/N(E) is a slowly varying function ofE/kTas
long as E~kT. If this condition holds, a distribution of
cc(E, 7) — C(E, 7) w2r(E, 7) E will not greatly influence the result in the case of
2pv3 1 + ~2T2 relaxation processes (b) and (c);whereas for direct pro-
cesses (a) it will tend to broaden the relaxation peak.
where C(E, T) is the difference between relaxed and un- But even with a single E (whatsoever its value) the calcu-relaxed elastic constants which is given by8 lated relaxation peak is in this latter case much too
4N(E) exp (E/kBT) D2 broad compared to the measured one. The temperature
C(E,T)=
kBT [1 + exp (E/kBT)12 - dependence of the peak maximum (approximate con-
dition wr(T) = 1)is best fitted by anArrhenius equation
Three relaxation mechanisms may be envisaged for the for r with ~ = 3 meV while a temperature dependence
system under consideration in determining the relaxation corresponding to Raman processes describes less well the
time r(E. 7’) result (Fig. 2). Furthermore, from the value of the de
(a) Relaxation due to direct processes formation potentials, the absolute value of the Raman
relaxation time is too large to attain the condition
r’(E, 7) cx D’2E3 coth (E/2k~T)f’(E). wr(T) = 1 in the measured temperature range.
Here D’ is an averaged deformation potential constant A “resonance” energy of approximately 3 meV can
and f’(E) a form factor describing the reduced inter- in fact be deduced from a dip in the thermal conduc-
action with phonons of wavelength smaller than the tivity of GaAs : Mn, as first found by Holland~for Mn
extent of the acceptor wave function.9 concentrations of 5 x 1016 and 5 x 10’7cm3 and also
obtained from recent measurements on our crystal 11.12(b) Relaxation due to Raman-processes
Whether such an energy is due to the depth of the accep-
r~1(7’) cx D”4(kBT)5f”(T) tor (dynamical Jahn Teller effect) or is a peculiarity of
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[lii] [too) [2~f) almost constant up to 7kG attainable with our magnet
8
H -71 kG and for some special cases measured even up to 70 kG.
H 05 kG There is a pronounced angular dependence of the
attenuation on the magnetic field (Fig. 3) which above
2 kG corresponds to the anisotropy of the squared de-
~000
formation potential between 1m11 = ~ ~ magnetic
levels, as calculated from approximate formulas given by
Yafet.’
5 With the exception of the p ak region for 0
around 0°(0 is the angle between [111] and magnetic
field directions) the attenuation is lowered by the appli-
20° 00 20° ~o so’ so’ 100° cation of a magnetic field. The peak is not shifted, which
— o means that the relaxation time is independent of the
Fig. 3. Angular variation of the attenuation at “high” and magnetic field in accordance with the angular depen-
“low” fields. dence of the attenuation since in the prefactor
C[E(0), Tithe important dependence on 0 is given by
this transition metal (influence of the 3d shell) is not D2(0).
clear. Inserting the recently measured,13 strongly re- In summary we have shown that the ultrasonic
duced deformation potential constants of the Mn accep- attenuation by the relatively deep acceptor Mn in GaAs
tor into the condition for stability of a Jahn Teller indicates that there is a distribution of level splittings
effect given by Bir14 it seems that the Jahn—Teller of the ground state (width of the distribution about
energy is too small compared to the energy of the im- 0.04 meV) and an excited state about 3 meV above the
portant phonons of the corresponding vibronic system. ground state. This may be due to a Jahn—Teller effect of
Experiments with other deep acceptors may help to the acceptor ground state, but further experiments
clarify the situation. Finally, we should like to mention (e.g. with other deep acceptors) are necessary to get
that the relaxation formula given in reference 9 does more confirmation about the nature and the existence of
not agree with the classical one applied here, and second such a level.
that none of the relaxation processes discussed here
leads (as is sometimes assumed) to an w2/T-rise of the Acknowledgements — We thank W. Eisenmenger and
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